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M A " G  I N  FREE SPACE 

7 
V.Stepantsov, A.Ye .redn ,  and S.Alekperov 4 

3g9 
Consideration of methods of orienting the human body under 

conditions of weightlessness in  the absence of a snpport. 

Various techniques f o r  making the body rotate  by mow 

the arms and legs are described. 

favorable methods of rotating the body are those in i t ia ted  

by mveatents of the legs. A rotation uhere t h e  legs are 

spread apart i n  a scissors-like fashion i n  the front-to- 

back direction is singled out f o r  particular attention and 

is recomaended as the main method to be used in orienting 

the body about i ts  lrongitudinal axis. 

It is shown that the most 

After A.A.Leonov stepped into space, the ed i tor ia l  board of the Journal 

" A v i a t d y a  i Koslmnavtihm received many letters in which t h e  readers requested 

that we re la te  in greater d e t a i l  the possibi l i t ies  of a person moving in free 

space. This problem had already been explained to some extent i n  the speec- /- 

by P.I.Belyagw and A.A.Leonov and h the reports of newspaper correspondents. 

The following a r t i c l e  w i l l  fasliliturize the reader with the theomtical  

principles of biomechanics of hum& mvenent in free space. 

A study of the qyalltative and quantitative characteristics of var ious 

methods of man's mvements in space has become an urgent problem. We want t o  

examine one of the questions of this complex problem, namely, the methods of 

* Numbers in the margin indicate pagination in the original foreign text. 
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The Itlovanents of a body, particularly the orientation in free space, have 

occupied the minds of scient is ts  f o r  a long the. Xany experts in mechanics 

prerrrions3y considered that a living creature cannot turn his body about some 

axis in an unsupported position, As the i r  basic argument they cited the l a w  of 

conservation of moment of mmtum (law of areas). For example, the well-known 

F'rench mathematician Delauwy in his book V4echanics" (1862) wrote: "If we as- 

sume that some living creature i s  isolated in space and tha t  no external force 

i s  applied t o  it, then not on3y w i l l  this l i v i n g  bekg be unable to displace 

i ts  center of gravity, but f u r t h e m r e  it w i l l  prove impossible f o r  it t o  impart 

rotation to i t s  body about this point. 

human subject would flex, he will be able to generate only internal forces; the  

absence of external forces has the consequence that the sum of the described 

areas, projected onto an arbitrarg plane passing through the center of gravity, 

w i l l  r e t a in  a constant value; thus, it must constantly remain equal to zero," 

Actually, no matter what muscles the  

The erroneousness of such assertions was p v e d  by Deprez, H e  took several 

photographs of a falling cat which, without particular difficulty,  always 

turned feet downward. 

of view of the fundamental l a w  of mechanics, namely, the law of areas. 

It seemed that this fac t  was inexplicable f r o m  the point 

However, Prof.V.Kirpichev demonstrated that the turning of the cat was in 

f u l l  agreement with the l a w  of areas, In  his book "Discussions on Mechanics" 

(1907) he wrote: a man or  an aninial cannot t o  himself a rotation & 

which a spinning top or other completely fixed body produces. 

creatures can produce diverse mvernents by t he i r  own individual limbs: 

or leg can be turned relative to the  rest of the torso, so that the creature 

ran select those motions r$-fch c o w - s a t e  turning of the  entire tor.-; that is; 

these additional movements of the arms and legs  yield an area which i s  equal, 

However, living 

The ann 
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but inverse i n  sign, to t h e  area described by the remaining body rotating about 

some axis. 

of areas." 

Thus, the  phenommon of this rotation will not contradict the law 

Conseqnently, according +io Kirpichevcs findings, a human sbjec3,  without 

interaction with extraneous bodies, can turn his trunk relative to some axis 

provided he turns some other part of the body i n  an opposite direction. 

hypothesis is e a s i l y  proved experimentaUy, 

stands erect on a horisontal platfow, placed on a sphere which is able to ro- 

tate without drag, Le., a Zkrukovskiy bench (the force of f r ic t ion  can be die 

regarded i n  this case), and describes conical meanents with his am over his 

head relative t o  the longitudinal axis of his body, he w i l l  impart a rotation 

to his body in the  opposite direction without the  action of an extraneous force. 

This 

For example, if a hman subject 

R.Polt in his book "Introduction t o  Mechanics and Acousticsm (190) demon- 

strated, cm the w e  basis as Kirpichev, that man can turn his body by rnoving 

his arm in a different manner. 

moves his ann to the limit i n  a horizontal plane in f ront  of himself, which 

causes the  remaining part of the  body t o  turn in the opposite direction through 

a certain angle; he then returns the arm t o  the in i t ia l  position but not along 

the  original path since this would cancel the  turn gained. 

"he essence of this was that the  subject f i r s t  

Can a person quickly turn his body moving his arms? There are a number 

of hypotheses in the literature concerning this. 

It is stated in textbooks on biomechanics that, under the affect  of in- 

te rna l  forces, a body can turn about a vertical axis (e.g., turning of the body 

t o  the left by swinging the  arms left t o  r ight)at  a negligible speed. 

obvious t h a t  Prof .M,Ivanitskip (19L8) wanted t o  emphasize t h e  same, when he in- 

dicated that f o r  turning the  body (somersault) without a star t ing rotat ional  

It i s  
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m>mentum it i s  necessary that i t s  period of free f l i g h t  be as long as possible. 

Thus, the essence of a l l  these hypotheses reduces t o  the f a c t  that it is 

impossible t o  turn the  body rapidly around a free axis by various mveslents of 

the  arms, Iicwever, ma can use the  zmmmt of not only his ams but also of 

his legs. 

Fig.1 Diagram of the Interaction of Two P a r t s  of 
the Body i n  an Unsapported Position 

during Muscle Contraction: 
a - Position of body parts before interaction; 
b - Position of body parts some time after the  

s t a r t  of interaction, 

In this article, we w i l l  attempt t o  describe the most c o m n  principles of 

m t i o n  of individual p a r t s  of the  human body for i ts  o r i a t a t i o n  in free space. 

In order t o  define what type of rmlvement of individual body parts i s  most 

advantageous for a rapid turning of t h e  en t i re  body, we must first  examine the 

quantitative aspect of the process of t he i r  interaction. W e  will analyze this 

by means of a special diagram (Fig.1). 

Let us assume that two parts of the human body interact relative t o  the 

axis 00 ( in  our example, directed perpendicular t o  the plane of the paper): A 

and B which, befnyq t,he .start of the b-teract.fnnj ac-ciqy the ps';t.i~n as  she!^ 

i n  the diagran: (Fig.l,a), We will stipulate t h a t  the  moment of inertia of the 

4 



# 

body A relative t o  the ~s 00 is equal t o  11 and that the momeat of inertia of 

the  body B i s  12. 

If the subject exerts muscular force and turns the body part A through an 

angle a: in anit time, then the nther part of the body, according to the Third 

Law of Mechanics, turns i n  the opposite direction through an angle a2 so that 

the en t i r e  body w i l l  occupy the position shown in Fig.l,b. 

action, both parts of the  bo@ are given the same angular momentum: 

ceive K1 = Ilal; B w i l l  receive E2 = 12a2. From the equality of the angular 

momentum, it f o l l o w s  that I1al = 18a2. 

During t he  inter- 

A #ill re= 

If w e  develop the equality into a pro- 

portion, we o b t a k  

Thus, the  angular veloci t ies  (or the  angles of rotation from the start- /50 
ing position) imparted t o  the  interacting parts of the body are inversely pro- 

portional to the i r  moments of inertia, Le., the angle of rotation of the body 

part A, during a certain tlme interval, is  as many times greater ( less)  than 

the angle of rotation of the  body part B as its m m e n t  of inertia is less 

(greater) than the moment of inertia of B. 

In Fig.1 it i s  assumed f o r  comenience that the mment of inertia of the 

bow B is  twice that of the body A, 90 that La2 = 30' and Lal = 60'. 

If a person turns his body by arm movemnts, it is most preferable to hold 

the arm straight and move it i n  a plane perpendicular t o  the  axis 00, keeping 

the body in an "attention1# pose. With this method of interaction of the two 

body parts, rotation of the arm through a certain number of degrees w i l l  cause 

a maximal turn of the body in the opposite direction. 

In order t o  say specifically through what angle the  arm must be turned with 

this method, 90 as t o  turn the body i n  the opposite direction by a certain num- 
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ber of degrees, we must know the magnitude of the m o m e n t s  of inertia of the in- 

teracting par ts  of t h e  body, relative t o  the a x i s  00. 

We will  f ind the moment of inertia of the arm and the remaining part of the 

body relative t o  the axfs 00 of t h e  shoulder joint ,  directed parallel t~ the 

long axis of the body, for a man 170 can tall and weighing 70 kg (mass of 70 kg), 

by using the  data of biomechanics on the relative weights and sises (propor- 

tions) of individual parts of the  human body. 

t he  textbook on biomechanics (Pe,Kotikova et  al., 1939), at  this height the dis-  

tance from the long axis of the body passing through the  common center of gra- 

v i t y  t o  the axis 00 is equal to  20 cm and f r o m  the center of gravity of the a m  

(elbow), 30 un; the mass of t h e  am f o r  the above weight i s  4.5 kg and the mass 

of the remaining part of the body, 65.5 kg. 

According t o  the data cited i n  

Now, to calculate the  moments of inertia of the interacting body parts 

relative t o  the axis 00, it i s  only necessarg t o  determine the moments of iner- 

t i a  of each part relative t o  its own center of gravity. For the knurtan body, 

t h i s  value has been established o w  experimentally. According t o  the data by 

R.Pol', the moment of inertia of the human body relative t o  the long axis i n  a 

d r i l l  stance ("attention" posture) i s  1.2 kg-m2. 

ror, can be used for the human body without the mass of one arm. 

m e n t  of inertia of the body relative to  the axis 00 w i l l  be b = 1.2 kpm2 + 

+ 65.5 kg (0.2 m)a = 3.82 kg-m2 ( the moment of inertia of the body was deter- 

mined by the fonnula 

This value, without major er- 

Thus, the mo- 

2 Io =I, + m a ,  

where 

1, = mng?tm__t. of iqe~-t.ig r a ~ ~ ~ t . ~ v e  t.0 the a-es pavisin_g t.hrygh the cen_ter 

of gravity; 
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m = mass of t h e  body; 

a = distance from the center of gravity t o  t h e  axis).  

The moment of iner t ia  of the aw relative t o  the transverse &s passing through 

i ts  center of 5mvity is appro-teQ equal +a I, = m 0.0942, &are .t is the  

length of the am. 

Fig.2 Motion Pictures of Turns by Moving both h s  
a - On a Zhukovskiy bench; b - In unsupported position 

The ann length of a man 170 an tall is 70 an. Therefore, Io = 4.5 kg a 
0.09(0.7 m)" * 0.2 kg-m2, 50 that t he  moment of iner t ia  of the arm relative 

to the axis 00 w i l l .  be 

Thus, the ra t io  of the moments of inertia of the arm and the  remaining part 

0 6  1 
3.8 6 

of the body of - or about - shows that, to turn through no, it i s  neces- 

~ r y  tn rotate the arm in the o p F s i t e  direction through an angle of Ano, 

m e a n s  that t o  turn the body L800 it i s  necessary t o  rotate  the a m  in a plane 

This 
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perpendicular t o  the axis of rotation through an angle of lS@ x 6, Le,, the 

indicated mvenient must be repeated six tbes, 

Fig.3 Motion Pictures of Rutas by Leg Movmmts 
a - On a ~Zhrulrovskiy benchn; b - In 831 

unsupported position 

Our investigations on a JYZhukovskiy benchn and in an unsupported postiion 

(exercises on a trampoline) confirmed the correctness of the  calculations, 

to turn t h e  body 1800 about the long axis by conical movements of one ann over 

the head, a t o t a l  of 5 - 6 such movements must be made on the ~V%ukovskiy 

bench", 

Thus, 

The same number of mvements with one arm i s  needed i n  the mode of 

tnrning described by R.Pol'0 

In our opinion, for a more rapid turn about the long axis it is bet te r  t o  

use the IBD'BtJpBents of both anns i n  the  opposite direction, in a plane perpendicu- 

lar t o  the axis of rotation. 

sume an i n i t i a l  position in which the r ight  arm i s  extended forward and the l e f t  

as  far back as possible (Fig.2, frame 1). 

consists of two phases of arm mvements. 

8 

To turn, for axample, to the  lef t  one should as- 

One cycle of this method of turning 

In the first phase, the main one, the 



arms are moved fuUy to the r ight  in a plane perpendicular to  the a x l s  of rota- 

tion, Le,, past the sides, so t h a t  a t  the end of the phase the r ight  arm oc- 

cupies the posterior position and the left, the anterior (frames 2 - 3). 

In the second phase, the preparatory phase, the a m  are mved in a sagit- 

tal plane, i,e,, doumva.rd, t o  the starting position (frarme 4 ) .  

To turn through lBOo on a aZhukovskiy bench” by this method it i s  neces- 

sary t o  make o w  about three cycles of arms mvements, 

In exercises on a trampoline, m e  must perform two cycles of a m  mvements 

and turn through 120 - 130’ when in an unsupported position (1 - 1.5 sec) 

(Fig.Z,b), 

one can a t  best turn 70” i n  the same time. 

In using this method of turning by conical movements of one arm, 

The investigations also showed that it is  best t o  use leg movements t o  

Thus, mvement of the leg  forward, to  the side, and backward (half- turn, 

c i rc le)  causes a 90” turn of the body (Pig.3,a), i.e., the moment of iner t ia  of 

t h e  leg i n  this case is  only half that of the remaining part of the body, Fur- 

thennore, return of the leg by moving it forward t o  the start- position (like 

taking a step) scarceb  causes a reciprocal mvement of the body. 

Even more effective and simple with respect t o  coordination is a turn 

with spreading of the legs in an anteroposterior direction in a sor t  of “splitrt 

(Fig.3,b). 

a wide step; turn around, rotating the legs toward the turn at  the hip jo in ts  

about the i r  bngi tudinal  axes; by a counter movement, return the legs t o  the 

s tar t ing position t o  repeat the cycle. 

through 140 - 160’ . 
ness of turn2ng by maki_n_g a ~ q X . f . t ~ ,  l.his CILE hp yecczsd@- 2s the  &sic  =etk?c(! 

i n  orientation around the bng  axis of the  body, 

To make a turn by this method, one must part the  legs as if taking 

One cycle of mvanents permits turning 

Because of  t h e  simplicity of execution and the e f f e c t i v e  
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A suitable r a t i o  of noments of iner t ia  of t he  interacting. parts can be ob- 

tained by executing the turn from a bent o r  arched position of the body, ire., 

by not keeping the long axes of the torso and legs  on the  sane straight line 

bat  l e t t k g  thm k t e r s e c t  at s m e  s e e  (3'54.4). 

Fig.4 Spiral Turn f rom a Eknt t o  an Arched Position 

Calculations show that, a t  an angle of body flexion of 90 - 1@, the mo- 

ment of i ne r t i a  relative t o  the  long axis of the  torso &O, i s  about 7 - 8 times 

greater than the mment of inertia of the  torso  relative to  this axis, and the  

mment of i ne r t i a  of the torso re la t ive to the  longitudinal axLs O,O, i s  a p  

proximately as many times greater than that of the  legs  rehtive to t h e i r  own 

longitudinal axis. Therefore, when turning the  torso t o  the  maximum possible 

angle, the legs mve in the opposite direction about GO, through an angle 7 - 8 

times smaller than the angle of rotation of the tnmlc. 

occur when turning the  legs  t o  the reqybed side; i n  this$ case, a t  a maximal 

turn of the legs  the  trunk is on% negligibly displaced about the  axis O,& in 

the  opposite direction. 

the  legs  at  a Suitable r a t io  of moments of ine r t i a  it i s  possible t o  turn in a 

spiral motion about the longitudinal axis a t  a high rate, up t o  800 - 90@ per 

second, 

"he same pattern w i l l  

Thus, by successively turning first the  trunk and then 
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This method i s  rather complex with respect t o  coordination and requires 

Therefore, it can be performed only in a l i g h t  gym great freedom of motion, 

s u i t ,  However, t h e  rapidity of turning and the  unique %aturalness" of the  

movements (endeavor to turn the trunk, head, and anas in the wanted direction) 

make the mthod suite desirable, Presumably, it will be CoIIVeniept in use for 

orientation inside o rb i t a l  space stations where the  crew will work without 

space suits. Performing this turn involves conical movements of the legs and 

torso and thus also of t h e  head, This latter is frequently the cause of con- 

siderable stimulation of the vestibular apparatus, due t o  the cumulative effect  of 

Coriolis acceleration, However, since the  average hranan being rarely has oc- 

casion t o  turn more  than 3800, the danger of vest ibulo-autondc reactions In 

this case is no mre than in any other method of tuning,  

To ro ta te  the  body about i t s  transverse axis, Le,, i n  tangential orienta- 

t ion  - as calculations have shown - t h e  i ne r t i a  r a t io s  of the  interacting body 

parts are most favorable when turning with the  axms straight i n  an anteropos- 

t e r io r  ( sag i t ta l )  plane in a grouped body position, 

respect t o  coordination and does not reqpire appreciable muscular exertion. 

turn through BO', about 6 - 7 circular mt ions  of the 

are required since the moment of inertia of the arms relative t o  the axis of 

the shoulder jo in ts  is 12 - U, times less than t h a t  of the remhing  part of the 

bod7 i n  a &roaped position. When turning with the  body straight, the number of 

rotat ional  mvments  of the  a ~ a s  will be double, Le,, 12 - U+, However, this 

number can be reduced markedly if  some object (for example, a tool) i s  held in 

the hands, thus increasing the  moment of inertia of the  arms, 

This method is simple with 

To 

t o  the opposite side 

In particular, 

5% sp~285. L4 -el-- --l- 
111MG UAA-I-Y VU= 

'noXing a -mm -i&lirg 21.7 kg L-, =& ka7d, 
circular movement of the m s  i n  a sagittal plane instead of 3 - 4,  i n  order t o  

ll 



turn 45 - SO" (Fig.5,a). 

When mving about the anteroposterior a s ,  i.e., executing a rolling mo- 

tion, the  body s h o d  be oriented by circular mvments of the  a m  i n  a f ron ta l  

plane, to the side opposite of the  turn of the whole body, Our calculations & 

showed that, for orientation i n  a 35 - 40" roll, it is necessarg t o  make 4 - 5 

circular mov@aenks of one &E 

(by a m e r  weighing 0.7 kg), only one and onehalf  circular movements of the  

arm need be made t o  turn the  body the  same number of degrees (Fig.5,b). 

E the mmmt. of inertia of the ann is  increased 

Fig.5 Hotion Pictures of Body Orientation 
a - Pitching; b - Rolling 

The results of the investigations pewit the  assertion tha t ,  after some 

training, a person w i l l  be able, even when "floating" unsupported in a weighti 

less state, t o  qgickly and accurately orientate himsezf in any direction ex- 

clusively by muscular efforts, without resorting to  technical aids, 

pacity, i n  our opinion, must be taken into account when tiesigning LiZd&d- 

pack equipent  f o r  forward motion in msnic space, 

This ca- 
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Apprentb ,  a main booster rocket, with the jet issuing from the side of 

the back a t  t h e  point of projection of the c o m n  center of gravity of the  body 

and another (compensating) noaele at the level of the shoulder line will be suf- 

f ic ient ,  

orientation of the body, using the described methods, 

The direction of f l i gh t  of the astronaut can be changed by proper 

It is believed that this 

principle w i l l  help t o  slmpufs and f ac i l i t a t e  the design of the booster and 

make it more economical; no doubt, it will also become mre convenient t o  o p  

erate, 

Special ground training is necessary for reUably controUing the body when 

freely "s*g" i n  the weightlessness of space, The astronaut's mvments 

must become autonatic such as those of gymnasts, acrobats, divers, and other 

athletes who also mnst perform complex turns i n  the  suspended phase. 

The mastering of various m e t h o d s  of turning in free space is  best begun 

with t h e  p e r f o m c e  of individual elments on a nZhukovskiy bench", It is p o p  

sible  to  reinforce t h e  new motor stereotype, w h i l e  gradually complicating the 

movBments by exercises on trampolines, bars, or special stands, 
~ ~~~ ~ ~~ ~~ -~ ~~ ~~~ ~ ~~~ ~ ~~ 

Acrobatics, 

and especially high diving, are beneficial f o r  perfecting control of the body in 

free f l igh t .  Finally, a mandatory phase of training mus t  comprise parabolic 

a i rc raf t  f l igh ts ,  during whose weightless period various mvments, using pr- 

scribed implements and -pent, will be standardized, Furthermore, in such 

f l i gh t s  various manipulations should be performed, w h i l e  using the required 

tools, 

Comonaut A.Leonov opened the door into space and crossed the  threshold, 

Others w i l l  f o l l o w  him; they 

ing -4 -Lving in n e a r a r i i i  

ever, this i s  a separate, no 

w i l l  build orbital  stations, work in them, masterc 

s ~ c s ,  w - 5  be &uri, I-s, Te~i.,i~,.. , TT--- uow- 

less complex and possibly more complex, problem, 


